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ABSTRACT
We performed spectro-temporal analysis in the 0.8–50 keV energy band of the neutron
star Z source GX 17+2 using AstroSat Soft X-ray Telescope (SXT) and Large Area
X-ray Proportional Counter (LAXPC) data. The source was found to vary in the
normal branch of the Hardness Intensity Diagram. Cross-correlation studies of LAXPC
light curves in soft and hard X-ray band unveiled anticorrelated lags of the order of
few hundred seconds. For the first time, Cross-correlation studies were performed
using SXT soft and LAXPC hard lightcurves and they exhibited correlated and anti-
correlated lags of the order of a hundred seconds. Power density spectrum displayed
NB oscillations of 6.7–7.8 Hz (quality factor 1.5–4.0). Spectral modeling resulted in
inner disk radius of ∼ 12–16 km with Γ ∼ 2.31–2.44 indicating that disk is close to the
ISCO and a similar value of disk radius was noticed based on the reflection model.
Different methods were used to constrain the corona size in GX 17+2. Using the
detected lags, corona size was found to be 27-46 km (β = 0.1, β = vcorona/vdisk) and
138–231 km (β = 0.5). Assuming the X-ray emission to be arising from the Boundary
Layer (BL), its size was determined to be 57–71 km. Assuming that BL is ionizing the
disk’s inner region, it’s size was constrained to ∼ 19–86 km. Using NBO frequency, the
transition shell radius was found to be around 32 km. Observed lags and no movement
of the inner disk front strongly indicates that the varying corona structure is causing
the X-ray variation in the NB of Z source GX 17+2.
Key words: accretion, accretion disk—binaries: close—stars: individual (GX
17+2)—X-rays: binaries
1 INTRODUCTION
Z sources are highly luminous Neutron Star (NS) Low Mass
X-Ray Binaries (LMXBs) with their luminosities approach-
ing Eddington Luminosity or exceeding it. They trace out a
Z track in the Hardness Intensity Diagram (HID)/ colour-
colour Diagram (CCD) (Hasinger & Van Der Klis 1989).
There are three main branches to this track viz. the hori-
zontal, normal and flaring branch (HB, NB and FB) with
a hard apex at the horizontal to normal branch transition
and a soft apex at the normal to flaring branch transition
(Hasinger & van der Klis 1989; van der Klis 2006). Z sources
are further grouped into two main categories - Sco X-1 like
and Cyg X-2 like sources. This classification is based on the
characteristics of the Z track traced out by them (Kuulkers
et al. 1994, 1997). Earlier multiwavelength studies indicated
that Ûm increases from HB to FB via NB (Hasinger et al.
⋆ E-mail:malu.sudhaj@gmail.com
1990; Vrtilek et al. 1990) and later Homan et al. (2002) ar-
gued that Ûm might be constant along different branches on
the Z track. A contrary picture was given by Church et al.
(2008) arguing that Ûm increases from FB to HB through
NB. Based on the spectral fits of XTE J1701-462, Lin et
al. (2009) concluded that Ûm is constant along the different
branches however each one is associated with different phys-
ical mechanisms. This study clearly showed that Ûm decrease
as the source traverses from Cyg-like to Sco-like followed by
atoll sources.
Spectral modelling of Z sources have been done through
several models all of which seem to fit the spectra well but
have starkly different Accretion Disk Corona (ADC) geom-
etry. The origin of soft and hard X-ray photons has been a
matter of debate and several models have been proposed like
the eastern, western and hybrid models. The eastern model
uses a multi-temperature black body emission (MCD) from
the disk which supply seed photons for inverse comptoniza-
tion in a small coronal region/ hot electron cloud in the
© 2020 The Authors
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inner region of the accretion disk (Mitsuda et al. 1984). The
western model (White et al. 1986) uses a single temperature
black body emission from the neutron star (NS) surface or
close to the surface and a high energy power law component
radiated by the comptonization occurring in the inner most
region of the accretion disk. Church & Ba lucinska-Church
(1995, 2004) proposed a model incorporating a black body
emission from the NS surface or an optically thick bound-
ary layer and a comptonization of soft photons from the
disk by hot electrons in an extended corona above the disk.
The hard tail > 30 keV in the spectrum of these sources
has also been interpreted in the framework of the bulk mo-
tion comptonization model (Farinelli et al. 2008). The jet
model on the other hand suggests that the hard component
could be originating from the comptonization of soft seed
photons by the high energy electrons of a jet (Di Salvo et al.
2002, Reig & Kylafis 2016). Radio jets are often found to be
present when the source is in the horizontal branch and the
upper normal branch (eg. Migliari et al. 2007; Di Salvo et
al. 2002) Popham & Sunyaev (2001) propose a model where
the comptonized spectrum arises from a hot, low density
boundary layer around the NS surface and the black body
spectrum arises from an optically thick accretion disk fur-
ther supported by the Fourier frequency resolved spectrum
(Gilfanov et al. 2003; Revnivtsev & Gilfanov 2006). Based
on the spectral analysis of Aql X-1 and 4U 1608-52, Lin et
al. (2007) used a hybrid model which uses a single tempera-
ture blackbody (BB) plus a broken power law (BPL) for the
hard state, and two thermal components (MCD and BB)
along with a constrained BPL for the soft state. Although
several models have been attempted so far, the accretion
disk-corona geometry of NS LMXB is still an open question
including the structure of corona or the boundary layer.
Each branch in the Z track is associated with a char-
acteristic Quasi Periodic Oscillation (QPO, Hasinger & van
der Klis 1989). The horizontal branch oscillations (HBOs)
vary in the range of 15-60 Hz, whereas normal branch os-
cillations (NBOs) vary in a very limited range of 5-8 Hz
(van der Klis 2006). So far, only two sources, namely, Sco
X-1 and GX 17+2 have exhibited flaring branch oscillations
(FBOs) (Sco X-1: Priedhorsky et al. 1986; GX 17+2: Pen-
ninx et al. 1990, Homan et al. 2002). FBOs occur in a small
region of the flaring branch closest to the soft apex with
a frequency ranging from 10–25 Hz. Kilo-Hertz QPOs (200-
1200 Hz) are also found to be associated with Z sources such
as GX 17+2 (Wijnands et al. 1997), Sco X-1 (van der Klis
et al. 1996), Cyg X-2, GX 5-1 (Wijnands et al. 1998a,b), GX
340+0 (Jonker et al. 1998), GX 349+2 (Zhang, Strohmayer
& Swank 1998) and XTE J1701-462 (Sanna et al. 2010).
HBOs have been considered to be the beat frequency of
the keplerian orbital frequency of the inner edge of the disk
and the spin frequency of the neutron star (Alpar & Shaham
1985, Lamb et al. 1985). The Relativistic Precession Model
proposes that HBOs are the nodal precession of tilted orbits
near the Neutron Star (NS) (Stella & Vietri 1998a, 1999).
The model suggests that QPOs are basically the fundamen-
tal frequencies of a test particle/blob moving near the NS.
It also explains the kHz QPOs as the relativistic periastron
precession of eccentric orbit. Models for the appearance of
NBOs/FBOs have been fairly ambiguous with early models
associating them to oscillations in the optical depth of accre-
tion flow in the inner disk region (Lamb 1989, Fortner, Lamb
& Miller 1989) or the oscillations of sound waves in a thick
disk (Alpar et al. 1992). Both models require near Edding-
ton luminosities to work and therefore have fallen short of
explaining the NBO/FBO like QPOs seen in an atoll source
like 4U 1820-30 (Wijnands, van der Klis, & Rijkhorst 1999)
where luminosities are less than half the Eddington luminos-
ity (Homan et al. 2001). Moreover NBOs are smoothly trans-
formed into FBOs and hence thought to have common origin
(Kuulkers et al. 1997; Casella et al. 2006) but this warrants
further investigation of the spectral and timing properties of
these sources.
Titarchuk et al. (2001) explains NBOs as acoustic oscil-
lations of a spherical shell around the neutron star (NS) sur-
face which forms when the disk is destroyed due to radiation
pressure near the Eddington accretion rate. Motta & Fender
(2018) found that the ejection of the ultra-relativistic flow
were associated with the simultaneous appearance of NBO
(∼ 6 Hz) and HBO (∼ 43 Hz) in the X-ray power density
spectrum. NBO strength has been associated with the incli-
nation of the system (Kuulkers & van der Klis 1995). Kuulk-
ers & van der Klis suggested that lower inclination sources
show stronger NBOs. Also, the observation of FBOs in GX
17+2, with an inclination less than 45◦, is in agreement with
this (Kuulkers et al. 1997).
One of the important timing tools to constrain inner ac-
cretion disk geometry in X-ray binaries is Cross Correlation
function (CCF) study between soft and hard X-ray energy
bands (eg. Vaughan et al. 1999; Sriram et al. 2007; Sriram
et al. 2012). Milli second lags in CCFs are considered to be
the comptonization timescales of soft photons up scattered
to hard photons (Vaughan et al. 1999; Kotov et al. 2001;
Reig & Kylafis 2016). However lower Fourier frequency CCF
studies carried out in Z sources have associated few hundred
seconds lags to the HB/NB branches of the Z track (Cyg X-
2: Lei et al. (2008), GX 5-1: Sriram et al. 2012, GX 17+2:
Sriram et al. 2019). The detection of few hundred seconds
lags in HB and NB are often seen to be associated with the
presence of a compact corona or a jet but a clear picture is
lacking. (Migliari et al. 2007, 2011; Fender et al. 2009; Sri-
ram et al. 2019). Based on the CCF studies, Sriram et al.
(2019) proposed a model where the few hundred second lags
found in such sources could primarily be the readjustment
time scales of the corona/non keplerian flows.
The source is located at a distance of ∼13 kpc (Galloway
et al. 2008) and is a Sco X-1 like NS LMXB Z source with
a spin frequency of 293.2 Hz (Wijnands et al. 1997). Its
optical counterpart is yet to be unambiguously confirmed.
GX 17+2 is a low inclination system with i < 40◦ (Cackett et
al. 2010, Ludlam et al. 2017a). Although GX 17+2 has been
thoroughly studied previously, the soft part of the spectrum
(< 3 keV) remains less explored. Bepposax spectrum of GX
17+2 in the energy range 0.1-200 kev was found to exhibit a
hard tail at energies above ∼ 30 keV when the source was in
the horizontal branch whereas the hard tail was undetectable
when the source moved towards the NB (Di Salvo et al.
2000). A power law index of 2.7 was found to adequately
model the tail and an effective black body radius of ∼ 40 km
was found. Chandra HEG spectra was modelled by Cackett
et al (2009) using a Diskbb+bbody model in the 3-9 keV
energy range along with an iron line.
For Suzaku observations of GX 17+2 (Cackett et al.
2010) phenomenological modeling was performed using the
MNRAS 000, 1–21 (2020)
Coronal Vertical Structure Variations in Normal Branch of GX 17+2: AstroSat’s SXT and LAXPC perspective 3
relativistic diskline model to constrain the inner disc ra-
dius to 7-8 GM/c2 and inclination to 15◦-27◦. Ludlam et
al. (2017a) modeled the NuStar spectra of GX 17+2 in the
energy range 3-30 keV and found that the inner disk radius
extends upto 1.00-1.02 ISCO (for spin 0) and the source
inclination was found to be 25◦-38◦. Agrawal et al. (2020)
found that the power law component follows a decreasing
trend as the source moves from HB to NB and later in-
creases as it moves from NB to FB. They also found that
the hard X-Ray tail (> 30 keV) contributes to 17 % of the
flux in the upper HB while in the NB this fraction is just
3-4 %. The black body radius estimated from their spectral
model is ∼ 8-10 km, which is very close the NS radius and
inner disk radii was to be 28-42 km.
Since soft energy band (< 3 keV) is essential for both
spectral and timing properties of Z sources, we report the
simultaneous spectral and timing studies of GX 17+2 using
SXT and LAXPC of the AstroSat. Here we report the CCF
among SXT and LAXPC energy bands, PDS and broadband
spectrum (0.8-50 keV) and discuss the results to explain the
accretion disk-corona geometry of GX 17+2 in the normal
branch.
2 DATA REDUCTION AND ANALYSIS
Regular pointing observations of GX 17+2 were performed
using AstroSat for 11 satellite orbits from August 22, 2017
23:19:44.20 to August 24, 2017 01:18:36.66 (Observation ID
AO3 072T01 9000001484) for an effective exposure time of
∼ 32 ks. The data was collected during AO CYCLE 3. Obser-
vations were performed using LAXPC and SXT instruments
of the AstroSat . The LAXPC is the Large Area X-ray Pro-
portional Counter (LAXPC) which consists of 3 identical
proportional counter units (LAXPC 10,20 and 30) having a
total effective area ∼ 6000 cm2 at 15 keV operating in the
energy range 3-80 keV (Yadav et al. 2016a; Agrawal et al.
2017; Antia et al. 2017). It has a timing resolution of 10
µs and a dead time of 42 µs. The SXT is the Soft X-ray
telescope operating in the 0.3-8 keV energy range with an
energy resolution of ∼ 150 eV and an effective area of ∼ 128
cm2 at 1.5 keV (Singh et al. 2017). The Photon Counting
(PC) mode of SXT has a time resolution of 2.4 s and the
Fast Window (FW) mode has a time resolution of 0.278 s.
LAXPC software provided by AstroSat Science Sup-
port Center (ASSC) was used for reducing the obtained
LAXPC level 1 data in Event analysis (EA) mode. Event
files, filter files and GTI files (with Earth occulation and
SAA removed) were produced following standard procedures
as instructed in the LAXPC software (Format A, May 19,
2018 version)1, with the laxpc make event routine being
used for generating event file and laxpc make stdgti routine
used for generating the good time intervals (GTI). These
were later used for producing light curves and spectra using
the routines laxpc make lightcurve and laxpc make spectra.
The software also generates the necessary response files
for each of the LAXPC units. SXT level 2 data in
the PC mode was processed by initially using the event
merger code to produce a merged cleaned event file
1 http://astrosat-ssc.iucaa.in/?q=laxpcData
and the sxtARFmodule to produce appropriate ancil-
lary response files. XSELECT was used for then produc-
ing the image, light curves and spectra. Response file
(sxt pc mat g0to12.rmf) and deep blank sky background
spectrum file (SkyBkg comb EL3p5 Cl Rd16p0 v01.pha)
provided by the SXT team was used during spectral anal-
ysis 2. As count rate was found to be > 40 cts s−1, source
was extracted using a 3′-10′ annulus in order to account for
the pile up effect (see AstroSat handbook 3) and background
light curve was extracted using a 13′-15′ annulus (see Figure
1). LAXPC 10 and 20 data has been used for timing analysis
and LAXPC 10 alone for spectral analysis which is well cali-
brated and has less background issues (Agrawal et al. 2020).
LAXPC 30 was not used for analysis owing to a gas leakage
in LAXPC 30 which leads to response uncertainties (Antia
et al. 2017). LAXPC 10 top layer spectra alone was used for
spectral analysis in order to minimize the background (eg.
Beri et al. 2019). LAXPC spectrum in the range 4-50 keV
and SXT data in the range 0.8-7 keV was used for the joint
spectral analysis. Data below 0.8 keV were not considered
due to uncertainties in response (Bhargava et al. 2019). A
systematic error of 3% was added while performing spectral
fitting 4 (eg. Jithesh et al. 2019, Bhargava et al. 2019).
3 TIMING ANALYSIS
Combined light curves of GX 17+2 from LAXPC 10 and
20 were extracted for performing timing analysis (Figure 2).
HID was obtained using the hard colour 10.5-19.7 keV/7.3-
10.5 keV and intensity in 7.3-19.7 keV energy range (Homan
et al. 2002). During this observation, HID reveals only the
Normal Branch (Figure 3) (in agreement with Agrawal et
al. 2020). It has been divided into upper (A), middle (B)
and lower (C) portions to study the evolution of the source
along the track.
Cross Correlation Function (CCF) studies were per-
formed between soft and hard X-ray light curves from
LAXPC and SXT. The crosscor tool in the XRONOS pack-
age was used for the CCF analysis (see Sriram et al. 2007,
2011a; Lei et al. 2008).
CCF lags were obtained between 3 - 5 keV and 16-20
keV, 3-5 keV and 20-40 keV and 3 - 5 keV and 20-50 keV
lightcurves using a 30 second bin size. Hard lag means that
the hard photons are lagging to soft photons and vice-versa
for soft lags. Similar analysis were performed between the
0.8-2 keV of SXT vs. 10-20 keV, 16-20 keV, 20-40 keV and
20-50 keV of LAXPC light curves. Simultaneous SXT and
LAXPC light curve segments were used to study CCF. CCFs
were fitted using a Gaussian function to obtain the lags and
errors were estimated with 90% confidence level using the
the criterion of ∆χ2 = 2.7.
The 3-5 keV vs. 16-20 keV, 20-40 keV and 20-50 keV
light curves show anti-correlated CCFs in three separate seg-
ments among which two of them show hard lags of 139 ± 31
s and 217 ± 20 s (3-5 vs 16-20 keV) with cross-correlation
coefficients (CC) of -0.57 ± 0.25 and -0.64 ± 0.11 respectively
2 https://www.tifr.res.in/∼astrosat sxt/dataanalysis.html
3 http://www.iucaa.in/∼ astrosat/AstroSat handbook.pdf
4 https://www.tifr.res.in/∼astrosat sxt/dataana
up/readme sxt arf data analysis.txt
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(Figure 4 and Table 1a). Remaining segments are positively
correlated with a CC ranging from 0.4-0.8 with no lags.
The 0.8-2 keV SXT vs. 10-20 keV, 16-20 keV, 20-40
keV and 20-50 keV LAXPC light curves exhibited lags on
few occasions but the errors were quite large for any confir-
mation (eg. 0.41 ± 0.32), except in one segment where an
anti-correlated soft lag of -133 ± 34 s (0.8-2 vs 10-20 keV)
with a CC of -0.41 ± 0.19 (Table 1b) and a correlated hard
lag of 69 ± 40 s with a CC of 0.33 ± 0.17 was noted in the
0.8-2 vs. 10-20 keV CCF (figure 5), although in the higher
energy bands (16-20 keV, 20-40 keV and 20-50 keV ) this
feature became statistically insignificant with higher error
bars (Lag ∼ 53 ± 48 s, 41 ± 20 s, 35 ± 26 s respectively).
In most of the sections, CCFs were uncorrelated with CC
varying from 0.35±0.22.
Power Density Spectrum (PDS) was obtained in the 3-
20 keV energy band to search for characteristic QPOs in the
obtained portions. Power spectra were normalized in units
of (rms/mean)2/Hz (Miyamoto et al. 1991).
The final 3 segments of the light curve (Figure 2) which
are associated with the lower most portion of the Normal
Branch (Figure 3), show signatures of a ∼ 7 Hz NBO. The
PDS was fitted using power-law+Lorentzian model. The first
of the these three exhibit a broad feature at 7.68 ± 0.35 Hz
with a Q factor ∼ 1.95, second of the last three show a similar
feature at 7.75 ± 0.47 Hz with a Q factor ∼ 1.42 (Figure 6).
The last section shows a prominent NBO at a frequency of
6.88 ± 0.21 Hz with a Q factor ∼ 3.95 (Figure 6c). A similar
NBO value of 7.42 ± 0.23 Hz was found by Agrawal et al.
(2020) using AstroSat LAXPC data of GX 17+2.
Following which a dynamical power density spectrum
was obtained (Figure 7) with a 40 s time resolution and 0.25
Hz frequency resolution, in order to verify the appearance
of the NBOs along the time series evolution. Dynamic PDS
clearly shows the the appearance of the ∼ 7 Hz NBO in the
last ∼ 3500s. The presence of a low frequency noise compo-
nent around 1-5 Hz is also noticed.
4 SPECTRAL ANALYSIS
Spectral analysis was performed for each of the three sec-
tions (A-C, upper to lower) shown in HID using XSPEC
v12.10.0c (Arnaud 1996). Simultaneous SXT+LAXPC joint
spectral fitting in the energy range 0.8-50 keV was per-
formed. Figure 9 gives the SXT + LAXPC joint spectral
fit, where the top panel gives the unfolded spectra (thick
line) along with the model components (dashed line) and
the bottom panel gives the residuals to the fit.
Absorption column density NH was fixed at ∼ 2 × 10
22
(Di Salvo et al. 2000) using the Tbabs model (Wilms et al.
2000) and a constant factor was involved in order to account
for the relative normalization between SXT and LAXPC
data. The gain fit command was used to account for the gain
correction in the SXT spectrum. While performing gain fit,
slope was fixed at unity and the offset was allowed to vary
as suggested by the SXT instrument team 5.
Cackett et al. (2008) based on the Chandra and
5 www.tifr.res.in/∼astrosat sxt/dataana
up/readme sxt arf data analysis.txt
RXTE data of few Z sources found that the continuum
was adequately described by a a blackbody (bbody) +
disk blackbody (Diskbb)+ powerlaw component during the
soft/intermediate state and a bbody + broken-powerlaw
model during the hard state. They followed the prescrip-
tion of Lin et al. (2007), who based on their investigation
of the luminosity dependence of temperatures measured for
different continuum models (for atoll sources), suggested us-
ing a similar model. Cackett et al. (2010) later replaced the
broken power-law with a simple power-law model for the
spectra of GX 17+2 and few other Z sources obtained using
Suzaku and XMM-Newton.
Initially we modeled the continuum using a
Diskbb+power-law model. Residuals from the fit clearly
indicated an emission feature at ∼ 6.7 keV which was fitted
using a Gaussian model whose centroid energy was fixed at
6.7 keV.
Apart from which a residual at ∼ 32-33 keV was noted
in Section A and B, which could be the Xenon K emission
feature of instrumental origin (Antia et al. 2017). We fitted
a Gaussian component to account for it (eg. Sridhar et al.
2019, Sharma et al. 2020). We found the central line energy
to be ∼ 32.4 keV and σ to be ∼ 1.5 keV. This Gaussian com-
ponent parameters were fixed while fitting the other model
parameters. This model resulted in a high χ2/dof value of
1086/790 (First section). Upon which we added a single tem-
perature bbody model which resulted in a significantly re-
duced χ2/dof value ∼ 995/788. Similar reduction in reduced
χ2 values were noted in the other 2 sections too ∼ 1017/788
and 1071/788 respectively for B & C sections (see Table 2).
The power-law index ΓPL varied from 2.31
+0.03
−0.03
to 2.46+0.03
−0.03
from A to C. Hence the overall model used was Diskbb +
bbody + Gaussian (Fe) + Gaussian (Xe K)+ power-law (Ta-
ble 2). The equivalent width of the iron line was found to
be 71 eV +46
−50
, 83 eV +50
−51
and 117 eV +47
−54
for the A,B and C
sections respectively.
We then used bbrefl (Ballantyne 2004) to model the re-
flection from the disk by a blackbody (see table 3) and it
was relativistically blurred with the convolution model rd-
blur (Fabian et al. 1989) (eg. Mondal et al. 2016, Cackett
2016). Emissivity index was fixed at -3, outer disc radius
at 1000 Rg (Rg=GM/c2) and the inclination angle was al-
lowed to vary. We constrained the reflection fraction fref l
to 0.62–0.66, the ionization parameter logξ to 3.04–3.37 and
the incident blackbody temperature ∼ 2.37–2.45 keV.
Disk inclination angle and inner radius from the rdblur
model was constrained by using the steppar command in
xspec which computes the ∆χ2 (=χ2-χ2min) for each of the
parameters. Figure 8a,b shows ∆χ2 vs inclination angle and
inner radius Rin (rdblur) for the best fit model (Table 3).
Based on the rdblur model, Rin was found to be 7.51–
8.06 Rg (15.6 – 16.7 km). The iron abundance of 1 was used
in the model. Therefore, the overall best fit model used was
Diskbb + rdblur*bbrefl + Gaussian (Xe K)+ power-law. This
led to χ2/dof values of 957/787, 977/787 and 1044/787 for
A,B and C sections respectively.
We also tried the Nthcomp + Power-law model
(Zdziarski et al. 1999, Zycki et al. 1999) based on Agrawal et
al. (2020) and the results are shown in Table 4. The Comp-
ton cloud /corona temperature is found to be around 2.6
keV, asymptotic power-law index of nthcomp was found to
be varying from 2.19 to 2.69 along with the steepening of the
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power-law index from 2.56 to 2.72. A blackbody component
was added to the above model but it did not lead to any
improvements in the fit.
5 RESULTS AND DISCUSSION
5.1 CCF lags and Coronal size Determination
Simultaneous spectra for GX 17+2 in the soft (<7 keV) and
hard (>7 keV) energy bands has not been explored substan-
tially before, which we achieve with the SXT (0.8–7 keV)
and LAXPC (4–50 keV) data. Although satellites have cov-
ered this energy domain, CCF studies have never been done
before. For the first time we report the CCF of GX 17+2
between 0.8–2.0 keV (SXT) vs 10-20 keV, 16-20 keV, 20-40
keV and 20-50 keV. A -133 ± 34 s anti-correlated soft lag and
69 ± 40 s (0.8 vs 10-20 keV) correlated hard lag was found
in one of the segments using the simultaneous SXT soft and
LAXPC hard light curve (see Table 1). Using LAXPC soft
and hard light curves, anti-correlated hard lags were found
in two separate light curve segments with lag values of 139
± 31 s and 217 ± 20 s (CC ∼ -0.6) (3-5 vs 16-20 keV).
Similar lags were reported in other Z sources using
RXTE and NUSTAR in 3-5 vs 16-20 keV energy band (Lei
et al. 2008; Sriram et al. 2019; 2012). The hard component
is most probably arising from the compact corona lying in
the inner region of the accretion disk or the boundary layer
over the neutron star surface (Popham & Sunyaev, 2001).
The lags are interpreted as the readjustment time scale of
the compact corona which is varying in size.
The detected lags of few hundred seconds in CCF can-
not be just the readjustment time scale of radial and vertical
readjustment structure of the Keplerian portion of the disk
which is of the order few tens of seconds and hence Sriram
et al. (2019) concluded that the readjustment time scale of
the coronal structure also needs to be considered. Moreover
our spectral results suggest that the inner disk front is not
moving and is located at ∼ 12-16 km (from Diskbb nor-
malization and for i ∼ 27◦). during the NB. Observed hard
lags are therefore due to the variation in size of the corona.
A similar picture of varying corona structure without any
movement of the disk was discussed by Kara et al. (2019) in
case of a BH source MAXI J1820+070. Under the assump-
tion that the readjustment velocity in the coronal region
vcorona=βvdisk and β is 6 1 as the coronal viscosity is less
than the disk viscosity, the below equation for coronal height
was derived, which considers the lag to be a combination of
the disk and coronal readjustment.
Hcorona =
[
tlag Ûm
2πRdiskHdisk ρ
− Rdisk
]
× β cm (1)
where Hdisk = 10
8 α−1/10 Ûm
3/20
16
R
9/8
10
f 3/20 cm, ρ = 7 × 10−8
α−7/10 Ûm11/20 R−15/8 f 11/20 g cm−3, f = (1-(Rs/R)
1/2)1/4
(Shakura & Sunyaev 1973, Sriram et al. 2019).
The coronal height was estimated for the segments of
the light curve which exhibited CCF lags. Here the disk ra-
dius Rdisk was considered to be 16 km based on the radius
obtained from the spectral model (see Table 3) and β was
taken to be 0.1–0.5 (Manmoto et al. 1997, Pen et al. 2003,
McKinney et al. 2012). The coronal height was thus esti-
mated to be ∼ 27–46 km (β = 0.1) and 138–231 km (β =
0.5).
5.2 Inner disk, Spherization and Boundary layer
Radii
The Diskbb model normalization (Mitsuda et al. 1984) is
proportional to the inner disk radius via the relation Rin
(km) =
√
(N/cosi) × D / 10 kpc.
The estimated radii are not true radii and need to be
corrected for spectral hardening factor (κ ∼ 1.7–2.0; Shimura
& Takahara 1995) along with inner boundary condition cor-
rection factor(ξ = 0.41; Kubota et al. 1998) which enhances
the true radii by a factor of 1.18–1.64 (Ref f = κ
2 ξ Rin;
Kubota et al. 2001). We estimate Ref f to be around ∼ 9-14
km (for i = 25◦, for correction of 1.18–1.64) for A, B & C
sections respectively (Table 2) and using the same relation
we obtain Ref f ∼ 12–16 km for all the sections respectively
for similar correction factors (Table 3).
Nustar study of GX 17+2 shows a kTin ∼ 1.92 keV sim-
ilar to the value seen in our observations (see Table 2) but
with a slight difference in disk normalization values (Ludlam
et al. 2017). Suzaku spectra of GX 17+2 observed the disk
with a temperature kTin ∼ 1.75 keV along with a normal-
ization NDiskbb ∼ 86 and found a dissimilarity in the true
disk radius from Diskbb model and radius arrived from re-
flection model (Cackett et al. 2010). Based on Chandra +
RXTE spectral fits, Cackett et al. (2009) observed kTin ∼
1.57 keV and NDiskbb ∼ 150. Ferinelli et al. (2005) reported
a blackbody radius of about ∼ 35 km for GX 17+2 in the
normal branch.
With rdblur model, we found Rin to be at ∼ 16 km
(∼8 Rg) (Table 3) and this value does not vary much if
we change the other parameters of this model. This value is
close to the value of Ref f from Diskbb model indicating that
the disk is close to the ISCO which is often the case for GX
17+2 (Ludlam et al. 2017; Cackett et al. 2010).
Since the source was found to emit 1.1–1.3 LEdd based
on our spectral analysis (see Table 3, considering LEdd =
3.80 × 1038 ergs s−1 (Kuulkers et al. 2003)), the inner region
of the disk would be puffed up due to radiation pressure
(Shakura & Sunyaev, 1973). Therefore the radius of this
quasi spherical region of the radiation-pressure dominated
disk was estimated using the relation Rsp = 32 ÛmEdd km
(Ding et al. 2011). Based on the Ûm determined from lumi-
nosities obtained from spectral analysis (L = GM Ûm/R), Rsp
is found to be ∼ 36–43 km.
Boundary layer (BL) is the region between the fast ro-
tating accretion disk and relatively slow spinning neutron
star surface (Popham & Sunyaev, 2001). This layer could be
responsible for the hot blackbody or the comptonized com-
ponent that dominates around 7–20 keV (e.g. Popham &
Sunyaev 2001, Barret et al. 2000). The emission from this
boundary layer could significantly contribute to the accre-
tion luminosity. Popham & Sunyaev (2001) model proposes
a boundary layer structure whose radius and height varies
with mass accretion rate as given by the equation,
log(RBL − RNS) ∼ 5.02 + 0.245
[
log
( ÛM
10−9.85 M⊙ yr−1
)]2.19
(2)
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Based on this equation we estimated the BL radius to
be 57–71 km for the C–A sections, using ÛM obtained from
luminosity in the 0.8–50 keV energy range (eg. Sriram et al.
2019, Ludlam et al. 2017b), using the equation L= GM
ÛM
R
with M = 1.4 M⊙ and R = 10 km.
As per the standard disk theory by Shakura & Sunyaev
(1973), the BL luminosity should be related to the disk lu-
minosity as (Pringle 1981),
LBL = (1 − β
2)
GM ÛM
2RNS
(3)
here β is the NS angular velocity in Keplerian units
(Ω∗/Ωk (RNS)), G is the gravitational constant, M is the mass
of the NS, RNS is the NS radius and ÛM is the mass accretion
rate. But Kluzniak (1987) showed that part of the BL’s ki-
netic energy goes into the spinning of the star and therefore
correct LBL should be,
LBL = (1 − β)
2 GM
ÛM
2RNS
(4)
Using the spin frequency of GX 17+2 (293.2 Hz; Wij-
nands et al. 1997), the angular velocity was estimated which
resulted in β ∼ 0.13. RNS value of 10 km was used for the
calculation. By initially considering the BB+PL luminosity
obtained from spectral fitting as LBL (assuming the BL to
be responsible for both the hot BB and comptonized com-
ponent e.g. Popham & Sunyaev 2001, Barret et al. 2000), we
estimated the mass accretion rate ∼ 2.36–3.42 × 10 18 g/s
and determined the radius of the BL from equation 2 as 62–
104 km. Later by considering only the hot BB component
to be arising from the boundary layer, the BB luminosity
obtained from spectral fitting was substituted as LBL to es-
timate the mass accretion rate ∼ 1.23–2.10 × 10 18 g/s from
equation 4. This yielded the radius of the BL from equation
2 as 30–54 km.
Using the luminosity (LBL) obtained from hot BB flux,
height (Z) of the ionizing source (BL) above the disk was
estimated using the equation derived by Cackett et al. (2010)
as,
Z2 =
LBL
nξ
− R2in (5)
In order to constrain Z, n > 1021−22 cm−3 (Shakura &
Sunyaev, 1973) and logξ obtained from our spectral fitting
(see Table 3) were used. Based on Rin = 16 km, Z was
constrained to be 19.3 km, 19.5 km, 23.1 km (for n = 1022
cm−3) and 77.5 km, 76.1 km, 86.6 km (for n = 1021 cm−3 )
for the three sections from A to C.
5.3 NBO detection in the PDS
A spherical structure around the NS surface is suggested by
Hasinger (1987) and Titarchuck et al. (2001) to explain the
presence of NBOs in Z sources. Titarchuk et al. (2001) sug-
gests a model where the normal branch oscillations are con-
sidered to be viscous oscillations of a spherical shell around
the NS surface. Based on equation 1 from the Titarchuk et
al. (2001) as given below, we estimated the size (Ls) of this
shell based on our obtained NBO frequencies.
Ls =
f νs
νssv
(6)
νssv is the spherical shell viscous frequency, f is 0.5 for the
stiff and 1/2π for the free boundary conditions in the tran-
sition layer, νs is the sonic velocity which can be estimated
based on the equation given by Hasinger (1987) as,
νs = 4.2 × 10
7R
−1/4
6
(
M
M⊙
L
LEdd
)1/8cm s−1 (7)
Here R6 is the neutron star radius in units of 10
6 cm. For
a 7 Hz NBO with luminosity obtained from the spectral
model, the size Ls was estimated to be ∼ 32 km for f=0.5,
which is within the estimates of the size determined for the
boundary layer. It is difficult to differentiate between these
two structures (transition layer and boundary layer) as they
have very similar spectral and temporal properties and the
context of invoking these two structures is simply to con-
strain their sizes. Previously, Homan et al. (2001) has also
detected NB0s of 6.3–7 Hz frequency and found FBOs rang-
ing from 13.9–23.1 Hz. Most recently, Agrawal et al. (2020),
using AstroSat LAXPC data, observed a 7.4 Hz NBO al-
though FBOs were not detected in the FB. Now, considering
the same mechanism causes FBOs, Ls was found to be ∼ 11
km for a 20 Hz FBO.
6 CONCLUSION
Using energy dependent CCF studies we have detected anti-
correlated lags of the order few 100 s using Astrosat LAXPC
and SXT light curves. We conclude that the detected lags
are readjustment timescales of corona in the inner region
of the accretion disk. Moreover only power law index var-
ied from top to bottom of the normal branch, suggesting
that corona was changing. Based on CCF lags the Compton
cloud / corona size is found to be around 27–46 km. The
inner region between the accretion disk and the NS surface
could host a Boundary Layer or a transition shell causing
the NBO, or there could also be a puffing up of the inner
disk due to radiation pressure. The exact structural setup in
this region still remains inconclusive. We therefore estimate
the sizes of each of these possible components, using vari-
ous methods as discussed above and this indicate towards a
component of size varying from 30–100 km.
Broadband spectral (0.8–50 keV) results put a strong
constrain on the inner disk radius, Ref f = 12–16 km (5.7–
8.0 Rg) for GX 17+2 in the normal branch and these values
closely matches with other works (Cackett et al 2010; Lud-
lam et al. 2017). This strongly indicates that the disk is
close to the ISCO and the disk front is not traversing along
the normal branch supporting our assumption that corona
is only changing during detected lags.
Size estimation of corona/sub-keplerian flow from dif-
ferent methods as discussed above indicates that a vertical
structure of few tens of km is needed to explain the detected
lags, NBOs and spectra of GX 17+2. Similar studies espe-
cially covering the soft spectral energy domain along with
hard spectral energy domain are essential to constrain the
accretion disk geometry in Z sources. Hence future observa-
tions from Astrosat (SXT and LAXPC) and Nustar are re-
MNRAS 000, 1–21 (2020)
Coronal Vertical Structure Variations in Normal Branch of GX 17+2: AstroSat’s SXT and LAXPC perspective 7
quired in order to understand the nature of lags in Z sources
and their connection to the corona or boundary layer.
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Figure 1. Top: SXT image of the source and the extraction regions used for source (solid annulus) and background (dashed annulus)
extraction. Calibration sources can be seen in the four corners of the image.
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Figure 2. Top: SXT light curve in the 0.8-8 keV energy range. Bottom: Combined LAXPC 10 and 20 light curve for the entire 3-50 keV
energy range. Both plotted using a time bin of SXT resolution, 2.3775s.
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Figure 3. HID for GX 17+2 using AstroSat LAXPC observations. Hard colour is defined as 10.5-19.7/7.3-10.5 keV and Intensity is that
in the 7.3-19.7 keV range. Boxes indicate the separations of HID into upper (A), middle (B) and lower (C) sections.
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Figure 4a. The background subtracted 30s bin LAXPC soft (3-5 keV) and hard X-ray (16–20 keV, 20–40 keV, 20–50 keV & 20–60
keV) light curves (left panels) for which CCF lags are observed (right panels). Energy bands used are mentioned in the light curves (left
panel). Right panels show the cross correlation function (CCF) of each section of the light curve and shaded regions show the standard
deviation of the CCFs.
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Figure 4c.
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Figure 4d.
 1200
 1260
 1320
 1380
3-5 keV
Co
unt
s s
-
1
-0.8
-0.6
-0.4
-0.2
 0
 0.2
 0.4
-1000 -500  0  500  1000
CC
Lag (s)
 50
 60
 70
 80
 0  200  400  600  800
16-20 keV
Co
unt
s s
-
1
Time (s)
MNRAS 000, 1–21 (2020)
Coronal Vertical Structure Variations in Normal Branch of GX 17+2: AstroSat’s SXT and LAXPC perspective 11
Figure 4e.
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Figure 4f.
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Figure 5a. The background subtracted SXT soft (0.8-2 keV) and LAXPC hard X-ray (10–20 keV, 16–20 keV, 20–40 keV, 20–50 keV &
20–60 keV) light curve (left panels) for which CCF lag is observed (right panels). Energy bands used are mentioned in the light curves
(left panel). Right panels show the cross correlation function (CCF) of each section of the light curve and shaded regions show the
standard deviation of the CCFs.
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Figure 5c.
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Figure 5d.
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Figure 6a. QPOs seen in the last three segments of the light curve in 3-20 keV energy range for GX 17+2 using AstroSat LAXPC
observations along with their residuals in the bottom panel after fitting a lorentzian and powerlaw model to the PDS.
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Figure 6c.
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Figure 7. Dynamic Power Density spectrum for the entire lightcurve in 3-20 keV energy range.
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Figure 8a. ∆χ2 (=χ2-χ2min) vs inclination angle for the best fit model (Table 3) (section 1).
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Figure 8b. ∆χ2 (=χ2-χ2min) vs Rin for the best fit model (Table 3) (section 1).
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Figure 9a. The SXT+LAXPC joint spectral fit for the the Diskbb + rdblur*bbrefl + Gaussian (Xe) + Power-law model for sections A.
The top panel gives the unfolded spectra (thick line) with the component models (dashed lines) and the bottom panel gives the residuals
obtained from the fit.
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Figure 9b. Similar figure for section B
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Figure 9c. Similar figure for section C
10−4
10−3
0.01
0.1
1
ke
V 
(P
ho
ton
s c
m−
2  
s−
1  
ke
V−
1 )
1 102 5 20
−4
−2
0
2
4
χ
Energy (keV)
MNRAS 000, 1–21 (2020)
18 S. Malu et al.
Table 1. CCF of LAXPC and SXT lightcurves. Here I, II and III
identifies the different light curve sections which exibited lags.
(a) CCF of LAXPC soft vs. hard light curves.
3-5 vs. 16-20 keV 3-5 vs. 20-40 keV 3-5 vs. 20-50 keV
Lag (s) CC Lag (s) CC Lag (s) CC
I 217 ± 20 -0.64 ± 0.11 215 ± 13 -0.72 ± 0.11 212 ± 10 -0.75 ± 0.10
II 139 ± 31 -0.57 ± 0.25 135 ± 24 -0.65 ± 0.21 135± 23 -0.64 ± 0.20
(b) CCF of SXT soft vs. LAXPC hard light curves.
0.8-2 vs. 10-20 keV 0.8-2 vs. 16-20 keV 0.8-2 vs. 20-40 keV 0.8-2 vs. 20-50 keV
Lag (s) CC Lag (s) CC Lag (s) CC Lag (s) CC
III -133 ± 34 -0.41 ± 0.19 -139 ± 35 -0.45 ± 0.21 -141 ± 15 -0.57 ± 0.21 -141 ± 15 -0.61 ± 0.22
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Table 2. Best-fit spectral parameters for the upper, middle and
lower sections of the HID which the letters A, B and C respec-
tively represent using the Diskbb + Bbody + Gaussian(Fe) +
Gaussian (Xe) + Powerlaw model. Energy of Xe line here is ∼
32.4 keV. The subscript BB represents the bbody model and dBB
represents Diskbb model. The flux in units of 10−8 ergs cm−2 s−1
is calculated in the energy band 0.8–50 keV. Errors are quoted
at a 90% confidence level. Luminosity is in units of 1038 erg s−1.
assuming the distance 13 kpc for GX 17+2.
Parameters A B C
kTin (keV)
a 1.97+0.09
−0.09
1.98+0.07
−0.06
1.93+0.06
−0.06
NdBB
b 37.72+6.06
−5.38
38.60+4.51
−4.06
39.56+4.72
−4.15
Re f f (25
◦)c 9.8 - 13.8 km 10.0 - 13.9 km 10.1 - 14.1 km
kTBB (keV)
d 2.51+0.10
−0.08
2.61+0.11
−0.09
2.64+0.16
−0.13
NBB
e 0.033+0.006
−0.006
0.024+0.005
−0.004
0.016+0.003
−0.003
EFe (keV)
f 6.7 6.7 6.7
σFe
g 0.5 0.5 0.5
EqWidthFe
h 71 +46
−50
83 +50
−51
117 +47
−54
NFe
i 0.007 0.007 0.007
Γpl
j 2.31+0.03
−0.03
2.41+0.02
−0.02
2.46+0.03
−0.03
Npl
k 0.94+0.09
−0.09
1.00+0.07
−0.07
0.99+0.09
−0.09
Total flux 2.41 2.29 2.05
BB flux 0.39 0.28 0.18
Powerlaw flux 0.46 0.41 0.38
Rsp
l 42.44 km 40.33 km 36.10 km
RBL
m 70.62 km 65.98 km 57.24 km
L0.8−50keV 4.85 4.61 4.13
χ2/dof 995/788 1017/788 1071/788
a Temperature of the Diskbb model.
b Normalization of the Diskbb model.
c Effective radius obtained by using Diskbb Normalizaton and
the spectral corrections 1.18–1.64.
d Temperature of the BB model.
e Normalization of the BB model.
f Line Energy of the Gaussian model for Iron line.
g Line width of the Gaussian model for Iron line.
h Equivalent width of the Gaussian model for Iron line in units
of eV.
i Normalization of the Gaussian model for Iron line.
j Power-law index.
k Normalization of the PL model.
l Spherization radius
m Boundary Layer radius
Table 3. Best-fit spectral parameters for the upper, middle and
lower sections of the HID which the letters A, B and C respectively
represent using the Diskbb + rdblur*bbrefl + Gaussian (Xe) +
Powerlaw model. Energy of Xe line here is ∼ 32.4 keV. The sub-
script bbrefl represents the bbrefl model, rdblur represents the rd-
blur model and dBB represents Diskbb model. The flux in units
of 10−8 ergs cm−2 s−1 is calculated in the energy band 0.8–50 keV.
Errors are quoted at a 90% confidence level. Luminosity is in units
of 1038 erg s−1. assuming the distance 13 kpc for GX 17+2.
Parameters A B C
kTin (keV)
a 1.74+0.10
−0.09
1.77+0.09
−0.08
1.75+0.10
−0.09
NdBB
b 52.19+9.13
−8.05
52.57+7.80
−7.29
51.38+8.04
−7.26
Re f f
c 11.77-16.36 km 11.81-16.41 km 11.69-16.25 km
logξ d 3.37 +0.16
−0.16
3.25 +0.18
−0.18
3.04 +0.22
−0.27
kTbbre f l (keV)
e 2.40+0.07
−0.06
2.45+0.09
−0.07
2.37+0.15
−0.11
fre f l
f 0.64 +0.05
−0.05
0.62 +0.05
−0.05
0.66 +0.09
−0.09
zg 0 0 0
Nbbre f l (1 ×10
−26)h 1.85+0.91
−0.64
2.00+1.07
−0.97
2.42+1.82
−1.09
βrdblur
i -3 -3 -3
Rin(GM/c
2) j 8.06+0.94
−0.92
7.85+0.95
−0.70
7.51+1.15
−0.83
Rout (GM/c
2)k 1000 1000 1000
i◦rdblur
l 27.82+2.77
−3.44
27.61+2.38
−3.12
27.91+2.72
−3.25
Γpl
m 2.31+0.03
−0.03
2.39+0.02
−0.02
2.44+0.03
−0.03
Npl
n 0.95+0.10
−0.10
0.98+0.08
−0.08
0.98+0.09
−0.09
Total flux 2.42 2.29 2.05
BB flux 0.73 0.57 0.43
Powerlaw flux 0.46 0.41 0.39
Rsp
o 42.62 km 40.33 km 36.10 km
RBL
p 71.02 km 65.98 km 57.24 km
L0.8−50keV 4.87 4.61 4.13
χ2/dof 957/787 977/787 1044/787
a Temperature of the Diskbb model.
b Normalization of the Diskbb model.
c Effective radius obtained by using Diskbb Normalization, spec-
tral corrections (see text) and the inclination angle from the rdblur
model
d Ionization parameter.
e Temperature of the bbrefl model.
f Reflection fraction.
g Redshift
h Normalization of the bbrefl model.
i Emissivity Index of the rdblur model.
j Inner disk radii of the rdblur model.
k Outer disk radii of the rdblur model.
l Inclination angle of the rdblur model.
m Power-law index.
n Normalization of the PL model.
o Spherization radius
p Boundary Layer radius
MNRAS 000, 1–21 (2020)
20 S. Malu et al.
Table 4. Best-fit spectral parameters for the upper, middle and
lower sections of the HID which the letters A, B and C respectively
represent using the Nthcomp+ Gaussian(Fe) + Gaussian (Xe)
+ Powerlaw model. The flux in units of 10−8 ergs cm−2 s−1 is
calculated in the energy band 0.8–50 keV. Errors are quoted at
a 90% confidence level. Luminosity is in units of 1038 erg s−1.
assuming the distance 13 kpc for GX 17+2.
Parameters A B C
ΓNthcomp
a 2.19 +0.08
−0.07
2.29 +0.08
−0.07
2.69 +0.12
−0.12
kTe (keV)
b 2.60 +0.07
−0.06
2.63 +0.08
−0.07
2.81 +0.17
−0.14
kTbb (keV)
c 0.96 +0.03
−0.03
0.92 +0.03
−0.02
1.01 +0.03
−0.03
NNthcomp
d 0.36 +0.02
−0.02
0.40 +0.02
−0.02
0.33 +0.01
−0.01
EFe keV
e 6.7 6.7 6.7
σFe
f 0.5 0.5 0.5
NFe
g 0.007 0.007 0.007
Γpl
h 2.56+0.01
−0.01
2.64+0.02
−0.01
2.72+0.02
−0.02
Npl
i 2.29+0.08
−0.08
2.31+0.08
−0.07
2.45+0.08
−0.08
Total flux 2.46 2.34 2.12
L0.8−50keV 4.95 4.71 4.27
χ2/dof 910/788 994/788 928/788
a Nthcomp Power-law index.
b Electron temperature (Nthcomp).
c Seed photon temperature (Nthcomp).
d Normalization of the Nthcomp model.
e Line Energy of the Gaussian model for Iron line.
f Line width of the Gaussian model for Iron line.
g Normalization of the Gaussian model for Iron line.
h Power-law index.
i Normalization of the PL model.
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